Abstract: Purple corn (Zea mays L.), a grain with one of the deepest shades in the plant kingdom, has caught the attention of the food industry as it could serve as a source for alternatives to synthetic colorants. Also being rich in phenolic compounds with potential health-promoting properties, purple corn is becoming a rising star in the novel ingredients market. Although having been widely advertised as a "healthy" food, the available information on purple corn health benefits has not yet been well reviewed and summarized. In this review, we present compositional information focused on the potential functional phenolic compounds correlated to health-promoting effects. Studies evaluating potential health-benefitting properties, including in vitro tests, cell models, animal and human trials, are also discussed. This paper emphasizes research using purple corn, or its extracts, but some other plant sources with similar phenolic composition to purple corn are also mentioned. Dosage and toxicity of purple corn studies are also reviewed. Purple corn phenolic compounds have been shown in numerous studies to have potent antioxidant, anti-inflammatory, antimutagenic, anticarcinogenic, and anti-angiogenesis properties. They were also found to ameliorate lifestyle diseases, such as obesity, diabetes, hyperglycemia, hypertension, and cardiovascular diseases, based on their strong antioxidant power involving biochemical regulation amelioration. With promising evidence from cell and animal studies, this rich source of health-promoting compounds warrants additional attention to better understand its potential contributions to human health.
Introduction
Purple corn (Zea mays L.), also known as purple maize, is native to the Andes region of what is now Peru. It has been widely cultivated and consumed throughout the Andean region of South America, mainly in Peru, Ecuador, Bolivia, and Argentina. It expresses one of the deepest purple shades found in the plant kingdom. Due to its richness in purple color, purple corn pigments have long been used to color foods and beverages. In South America, purple corn extracts are widely applied in coloring homemade desserts and beverages such as chicha morada and mazamorra morada, a popular drink and dessert prepared from purple corn (FAO 2013) . Other countries have also shown interest in using this rich source of pigments to obtain food colorants. According to the United Nations BioTrade Facilitation Program (2011), the average yearly growth of Peruvian purple corn exports value reached 467% from 1998 to 2002, and the price of purple corn almost doubled from $0.75 to $1.36/kg in this 5-y period. In 2002, Peru exported a total value of $24220360 of natural colorants, of which $98000 was contributed solely by purple corn anthocyanin products. Their use as food ingredient and food col-orant has been increasing around the world in recent decades, as observed by the increasing importation of purple corn and color products by Germany, France, Italy, Japan, and other countries. The export of Peruvian purple corn business reached $187745641 in 2010. Purple corn color for food use has been recognized by the European Union and Japan under the code of E-163 and under the international numbering system as INS-163iv. The use of the term purple corn color throughout this review refers to commercially produced colorants obtained from purple corn.
For many years, Japan was the main market for purple corn or corn cobs, and this is reflected in the predominance of early research on purple corn originating from Japan or Japanese researchers (Tsuda and others 2003 (Tsuda and others , 2004 (Tsuda and others , 2005 (Tsuda and others , 2006 Sasaki and others 2007; Fukamachi and others 2008; Tsuda 2008) . This body of research work has promoted the international purple corn trade, making purple corn a more popular novel ingredient in the food industry. Now researchers around the world are paying more attention to this rich source of phytochemicals. Anthocyanins, the primary pigments in purple corn, have been reported to be associated with the potential to reduce the risk of cardiovascular disease, obesity, diabetes, cancer, and chronic diseases (Konczak and Zhang 2004; He and Giusti 2010) . Besides the pigments, other functional phenolic compounds in purple corn have also been reported to have attenuating effects on chronic diseases such as hypertension, diabetes, and cancer (Kim and others 2013; Long and others 2013) . In 2013, the phenolic-rich purple corn has been proposed by different commercial companies to have the status of a "superfood" due to its remarkable potential health benefits.
The objective of this paper was to review and summarize the current knowledge of the health benefits of the phenolic compounds of purple corn. This review describes potential functional phenolic compounds previously reported in purple corn. Studies of purple corn phenolics and extracts for health in cell, animal, and human models, and also dosage studies related to purple corn toxicity. The information included describes purple corn ingredients as having desirable nutritional values to meet the requirement for "healthy" food formulations.
Functional Phenolic Compounds in Purple Corn
Nutritionally and compositionally, purple corn (Zea mays L.) is similar to the more commonly consumed yellow corn as being rich in starch (61% to 78% dry basis, db), nonstarch polysaccharides (about 10% db) (Sinha and others 2011) , proteins (6% to 12% db), lipids (3% to 6% db), minerals, and vitamins (Ai and Jane 2016). The macronutrients in corn and their beneficial effects on postprandial glycemic/insulinemic responses, lipid metabolism, colon health, and mineral absorption have been well summarized (Ai and Jane 2016). However, it is the presence of anthocyanins and other phenolic compounds that differentiate purple corn from other conventional corn varieties and make it stand out as a healthpromoting food. The typical anthocyanin and phenolic profile of purple corn is shown in Figure 1 . The total phenolic content of Andean purple corn, as determined by the Folin-Ciocalteu assay, is about 1756 mg/100 g gallic acid equivalents FW, much higher than the content of well-known phenolic-rich blueberries which contain 138 to 672 mg/100 g FW (Prior and others 1998; Cevallos-Casals and Cisneros-Zevallos 2003) . Montilla and others (2011) compared the soluble and bound phenolic compounds in different Bolivian corn cultivars and showed corn with deeper shades tended to contain higher phenolic concentrations. Studies related to purple corn health benefits have therefore been conducted primarily with anthocyanin or phenolic-rich extracts obtained from purple corn; however, studies performed with purple corn juices or powders are also presented in this review. Dosedependent correlations between the amount of these purple corn functional compounds and certain health-promoting properties were often found.
Anthocyanins
Anthocyanins are a class of water-soluble phenolic compounds which impart the dark purple-red color to purple corn. The anthocyanin content of purple corn ranges from 6.8 to 82.3 mg/g FW depending on which portion of the plant material is evaluated, again much higher than the blueberry (anthocyanin content 1.3 to 3.8 mg/g FW) (Cevallos-Casals and Cisneros-Zevallos 2003; Wu and others 2006; Li and others 2008) . The anthocyanin composition of purple corn has been well studied, and 6 major and 17 other minor anthocyanins have been identified (Aoki and others 2002; De Pascual-Teresa and others 2002; Jing and Giusti 2005; González-Paramás and others 2006; Pedreschi and Cisneros-Zevallos 2007; Li and others 2008; González-Manzano and others 2008; Zhao and others 2008; Montilla and others 2011; Žilić and others 2012; Lao and Giusti 2016) . The 6 major purple corn anthocyanins include cyanidin-3-glucoside (Cy-3-glu), pelargonidin-3-glucoside (Pg-3-glu), peonidin-3-glucoside (Pn-3-glu), and their malonic acid derivatives attached to the C-6'' position of the glucose moiety (Figure 1 and 2) . The minor anthocyanins reported previously include diglucosides of the 3 major anthocyanidins (Žilić and others 2012), dimalonyl attachments to C-6 of the sugar unit of the 3 major anthocyanins (Aoki and others 2002; Jing and others, 2007; Montilla and others, 2011) , the major anthocyanidins attached to other sugars such as rutinose (Žilić and others 2012), and the major nonacylated anthocyanins attached to phenolic compounds such as succinic acid and catechin (GonzalezParamas and others 2006; González-Manzano and others 2008; Li and others 2008; Montilla and others 2011) . Delphinidin-3-glucoside has also been reported to be in purple corn, but it is rarely detected (Žilić and others 2012).
Other phenolics
Phenolic compounds are nonpolymeric phytochemical compounds that contain at least 1 phenolic hydroxyl group in their structures. In this review, other phenolics in purple corn refer to all phenolic compounds except anthocyanins. Phenolic acids and Health benefits of purple corn phenolics . . . flavonoids are the major 2 subclasses of other phenolics reported to be found in purple corn. As shown in Figure 1 , a variety of phenolics other than anthocyanins can be detected in a crude purple corn extract. These compounds have been widely reported to contribute potential health-promoting properties to animal and human cells. Anthocyanins are also phenolic compounds that belong to the flavonoid family. However due to their high concentration in purple corn and the major role they are believed to contribute to the health-promoting properties of dark colored plants, they are discussed separately in this review.
Phenolic acids. Phenolic acids in purple corn are usually recovered with organic solvents such as alcohol and acetone (Moore and others 2005; Žilić and others 2012) and identified by HPLC-MS Cisneros-Zevallos 2006, 2007; Ramos-Escudero and others 2012a; Žilić and others 2012) . The p-coumaric acid and ferulic acid contents for dark-hued Bolivian purple corn were 607.5 and 154.2 mg/100 g DW respectively, much higher than yellow cultivars reported to contain 366.7 and 132.9 mg/100 g DW, respectively (Montilla and others 2011) . The phenolic acid contents of purple corn were found to vary between cultivars. A more recent study showed ferulic acid to be the most abundant phenolic acid (39.9 mg/kg DW for native and 33.3 mg/kg DW for hybrid maize), followed by diferulic and coumaric acids in Mexico purple corn (Urias-Lugo and others 2015). Most of the phenolic acids are in conjugated or bound forms in purple corn; just a small portion is in free soluble form that can be easily extracted without hydrolysis treatment (Montilla and others 2011; Zilić and others 2012) . Currently, more than 9 different phenolic acids have been reported to be found in purple corn. Shown in Figure 3 , they included protocatechuic acid, vanillic acid, syringic acid, 2,4,6-trihydroxybenzoic acid, p-coumaric acid (also called p-hydroxycinnamic acid), caffeic acid, ferulic acid, chlorogenic acid, and p-hydroxyphenyl acetic acid, and also their derivatives (Montilla and others 2011; Ramos-Escudero and others 2012a; Zilić and others 2012; Kim and others 2013) . 
Health Benefits of Purple Corn Phenolic Compounds
Interest on the health benefits of purple corn anthocyanins and other phenolics has been increasing over the last several decades. There is a large body of evidence suggesting that these compounds may help reduce the incidence of a variety of chronic diseases. However, it is clear that not all anthocyanins or all phenolics are equal in their potential health-promoting properties. Therefore, in this review, it is specified whether the purple corn health-promoting properties were evaluated as purple corn phenolic compounds mixtures, phenolic-rich extract without pigments, purified anthocyanins, or individual anthocyanins.
Antioxidant properties
The free radical-involved chain reaction is the generally accepted mechanism for degenerative oxidation in living tissue (Wang and Stoner 2008) . Antioxidant capability often refers to the ability to scavenge reactive oxygen radicals: superoxide, singlet oxygen, peroxide, hydrogen peroxide, and hydroxyl radicals (Wang and Stoner 2008) . It is thus believed that antioxidants can provide health protection to oxidative degradation/damage in biological systems (Halliwell and others 1992 radical-scavenging assays, cellular studies in vitro, and animal studies in vivo.
Free radical-scavenging assays (in vitro). The free radical tests used to evaluate the antioxidant capabilities of purple corn phenolics include DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2'-azino-bis-(3-ethylbenzylthiazoline-6-sulfonic acid), APPH (2,2'-azo-bis-(2-amidinopropane) dihydrochloride), ORAC (oxygen radical absorbance capacity), FRAP (ferric reducing antioxidant power), and deoxyribose assay and nitric oxide scavenging assays Vayupharp and Laksanalamai 2015) . Consistent between studies, various purple corn extracts exhibited positive antioxidant capability in all assays throughout the years. Overall, the antioxidant activity of purple corn is highly correlated with the amounts of bioactive compounds such as polyphenols, flavonoids, flavanols, and anthocyanins, which can also be impacted by methodology, genotype, and growing location (Ramos-Escudero and others 2012a, b; Khampas and others 2015) . Pedreschi and Cisneros-Zevallos (2006) concluded that the antioxidant activities for purple corn anthocyanins (1.019 ± 0.05 μg Trolox equivlent/μg) were higher than those of the other phenolic compounds (0.838 ± 0.11 μg Trolox equivlent/μg). In another study, these 2 portions showed no significant differences in the ABTS reducing power test (LopezMartinez and others 2009). It could not be denied that both purple corn anthocyanins and other phenolic compounds were shown to be great antioxidants, and some variation of their antioxidant power should be expected between different studies. The DPPH assay was used to better understand why purple corn showed relatively high antioxidant activity compared to other fruits and vegetables. Purple corn phenolics exhibited higher antioxidant capability and faster reaction kinetics than the same amount of blueberry phenolics, suggesting purple corn phenolics to have a larger number of active hydroxyl groups and more favorable configurations to allow for better interactions with the free radicals (Cevallos-Casals and Cisneros-Zevallos 2003).
The free radical-scavenging capability of purple corn was also found to remain high after industrial processing (Del Pozo-Insfran and others 2006; Lopez-Martinez and others 2011). The antioxidant properties of cooked purple corn kernels, tortillas, and chips were investigated using the ABTS, APPH, and ORAC methods. For both Mexico and America genotypes, anthocyanin losses were similar with average losses of 37%, 54%, and 75% when processed into nixtamal, tortillas, and chips, respectively; their average antioxidant capability losses were 28% after nixtamalization, 37% when processed to tortillas, and 55% when processed into chips (Del Pozo-Insfran and others 2006). The decreased antioxidant response might be associated with losing bioactive phenolic compounds during the alkaline and thermal processing.
Cellular and animal studies (ex vivo). The effect of purple corn extracts on cellular antioxidant response in mouse organs was investigated by treatment with added H 2 O 2 to isolated mouse kidney, liver, and brain ex vivo (Ramos-Escudero and others 2012b). The presence of malondialdehyde (MDA) in these organs served as an indicator of cell membrane oxidative injury after applying Health benefits of purple corn phenolics . . . H 2 O 2 . When the organs showed low MDA levels and were treated with purple corn extracts, the levels of antioxidant enzymes superoxide dismutase (SOD), catalase, and total peroxidase in the organs were increased (Ramos-Escudero and others 2012b). These enzymes are believed to have the capability to eliminate reactive oxygen species and prevent oxidative damage to cells. The results of this study suggested that certain functional compounds in purple corn extract could penetrate cell membranes and participate in stimulating antioxidant enzyme secretions to reduce oxidative damage to cells caused by free radicals (Ramos-Escudero and others 2012b).
Cellular and animal studies (in vivo). Another study demonstrated the protective effect of purple corn diets against oxidative damage in rat livers and kidneys in vivo (Zhang and others 2014) . In this work, oxidative stress was induced by addition of fluoride to the rats' drinking water (Zhang and others 2014) . Swollen cells and vague cell boundaries were signs of high oxidative stress and were observed in the fluoride alone treated rats. These rats also had high MDA levels in serum and liver tissue (Zhang and others 2014) . However, the cells of rats treated with fluoride and the purple corn-rich diet showed fewer swollen cells and significantly lower MDA levels (Zhang and others 2014) . The antioxidant enzymes (SOD and glutathione peroxidase) levels for purple corntreated rats were also significantly higher than the fluoride alone treated group (Zhang and others 2014) . These results suggested that purple corn in the diet may alleviate fluoride-induced oxidative damage by elevating the antioxidant capability in livers and kidneys of rats (Zhang and others 2014) .
The antioxidant capability of purple corn extract was also evaluated in vivo with healthy rats. The cell histology of purple corn color-fed rats presented no significant difference to that of the rats fed a regular diet (Yokohira and others 2008) . However, the serum of rats fed with purple corn color presented strong antioxidant power in potential antioxidant tests in vivo, and microarray analyses showed purple corn color could induce RNA expression of P450 (cytochrome) oxidoreductase, phosphatidylinositol 3-kinase, and phospholipase A2 (Yokohira and others 2008) . The authors thus suggested that purple corn may be effective as antioxidants in vivo and may have chemopreventive potential against liver preneoplastic lesion development (Yokohira and others 2008) .
Anti-inflammatory activities
Inflammation is thought to play a role in promoting some kinds of cancer in animals and humans (Kwon and others 2007). Antiinflammatory refers to the property of reducing or inhibiting inflammation. It has been revealed that purple corn pigments can debilitate high-glucose-induced mesangial inflammation, expansion, and hyperplasia by disturbing the inflammatory action of interleukin-8 (IL-8) (Li and others 2012a) . When the renal mesangial cells of db/db mice were exposed to high-glucose to induce diabetes, the production of IL-8, a chemokine that is linked to inflammatory processes in glomeruli, was markedly elevated (Li and others 2012a) . In contrast, cells that received purple corn anthocyanin-rich extract treatments showed mitigation of IL-8 secretion in a dose-dependent manner (Li and others 2012a ). Another study has also demonstrated that purple corn pigments antagonized diabetic kidney problems through control of the IL-8-Tyk2-STAT-signaling pathway (Kang and others 2012) .
Cyanidin-3-glucoside (C3G) is the most abundant anthocyanin throughout the plant kingdom as well as in in purple corn (Kong and others 2003; Lao and Giusti 2016) . Numerous research studies have shown that C3G has strong anti-inflammatory properties, although not all sources of C3G were purple corn (Reddy and others 2005; Min and others 2010; Serra and others 2013; ) . Cyclooxygenase (COX) is a well-known inflammatory protein whose abnormal up-regulation is commonly found in many cancers (Martin and others 2003; Wang and Stoner 2008) . C3G from Prunus cerasus exhibited strong anti-inflammatory property by efficiently inhibiting COX-1 and COX-2 enzyme activity (Reddy and others 2005) . Additionally, Tsuda and others (2002) inflammatory response in rats when orally administered; the elevations of inflammatory markers such as peritoneal exudate NOx, tumor necrosis factor (TNF), and others were significantly suppressed by the administration of C3G (Tsuda and others 2002) . In a lipopolysaccharide-induced inflammation study using RAW 264.7 cells, C3G from black rice and its metabolites suppressed the production of the proinflammatory cytokines: TNF-α, interleukin-1β (IL-1β), 2 inflammatory mediators, NO, and prostaglandin E2 (PGE2), and also the gene expression of nitric oxide synthase (iNOS) and COX-2 (Min and others 2010). In addition, in an in vivo study with carrageenan-induced inflammation BALB/c mice, C3G from black rice was demonstrated to have a significant effect on inhibiting the leukocyte numbers and the levels of TNF-α, PGE2, and protein in the exudates of the air pouch in carrageenan-treated mice, as well as COX-2 expression and nuclear factor-kappa B activation (Min and others 2010 ). Another study on cytokine-induced inflammatory response in HT-29 human intestinal cells showed that C3G presented higher anti-inflammation efficiency than 5-aminosalicylic acid, a wellestablished anti-inflammatory drug, in reducing NO, PGE2, IL-8 production, and iNOS and COX-2 expressions (Serra and others 2013).
Anti-mutagenic properties
A mutagen is an agent that induces changes to genetic materials, usually DNA, and thus increases the frequency of mutations. An anti-mutagen refers to an agent with the capability of reducing the rate of mutation. Anthocyanins and phenolic acids are well-known anti-mutagenic agents as evidenced through several studies with many fruits and vegetables (Yoshimoto and others 2001; Santos-Cervantes and others 2007) . The antimutagenic properties of purple corn have been examined using the Ames test. Anthocyanin-rich water fractions (WF) and phenolicsrich ethyl acetate fractions (EAF) from purple corn both showed dose-dependent anti-mutagenic activity against the food mutagen Trp-P-1 (Pedreschi and Cisneros-Zevallos 2006) . The purple corn phenolics fraction (EAF) was found to be a more potent antimutagen than the anthocyanin-rich fraction (WF) having a lower IC50 value of 95.2±10.95 μg of chlorogenic acid equivalent/plate compared to 321.7±21.36, respectively (Pedreschi and Cisneros-Zevallos 2006) . This study also revealed that the predominant mechanism of anti-mutagenic behavior of purple corn anthocyanins was a blocking effect on the S-9 Mix activation system of the mutagen; whereas for the purple corn phenolics, a dual mechanism involved both the blocking of the S-9 Mix and also a scavenging action on Trp-P-1 electrophiles (Pedreschi and Cisneros-Zevallos 2006) . In typical food processing procedures, such as the nixtamalization process in masa and tortilla production, some pigments are lost; however, processed purple corn still presented anti-mutagenic activity against 2-aminoanthraceneinduced mutagenicity in the Ames test (Mendoza-Díaz and others 2012). Thus, consuming processed purple corn may still have a beneficial anti-mutagenic effect in humans.
Anticarcinogenic and anticancer properties
A carcinogen is a substance, radionuclide, or radiation that has the ability to damage the genome or to disrupt of cellular metabolic processes and thus to exacerbate cancer or its propagation (Poirier 2004) . Anticarcinogenic refers to the property of inhibiting or preventing the activity of a carcinogen or the development of carcinoma.
Skin cancer. Skin cancer is the most commonly diagnosed cancer in the United States; however, the number of skin cancer patients is difficult to estimate because some types of cancer are not required to be reported to cancer registries (American Cancer Society 2015) . It has been estimated that in 2006, 3.5 million cases were diagnosed among 2.2 million people of nonmelanoma skin cancers (American Cancer Society 2015). Pomegranate fruit extract, rich in pelargonidin-3-glucoside and cyanidin-3-glucoside, has been reported to modulate MAPK and NF-B pathways and to inhibit 12-O-tetradecanoylphorbol-13-acetate-induced skin tumorigenesis in CD-1 mice. Skin tumor incidence was reduced 70% at week 16, and tumor multiplicity was reduced 64% at week 30 for the mice treated with pomegranate fruit extract (Afaq and others 2005) . From these findings, it may be inferred that purple corn, also abundant in these 2 pigments, may exhibit potential protective effects against skin cancer.
In related work, anthocyanins from several sources, including purple corn, were incorporated into lipstick formulations and evaluated for potential biologically active properties. In in vitro assays, all formulations showed increased UV absorption, free DPPH radical-quenching, and inhibition of melanin production by tyrosinase (Westfall 2015) . Moreover, the pigments were found to penetrate into the stratum corneum both in vitro and in vivo in humans, suggesting further potential protective effects against dermal carcinogenesis (Westfall 2015) .
Mammary and prostate carcinogenesis. An estimated 234190 (231840 for women) new cases of breast cancer and 220800 new cases of prostate cancer are expected to occur in the United States during 2015 (American Cancer Society 2015). Breast cancer for women and prostate cancer for men are the most frequently diagnosed cancers aside from skin cancer (American Cancer Society 2015). The anticarcinogenic property of purple corn on mammary and prostate carcinogenesis has been evaluated in vitro and in vivo (Fukamachi and others 2008; Long and others 2013) . Purple corn color demonstrated significant inhibition activity on 7,12-dimethylbenz[α]anthracene-induced mammary carcinogenesis development in human c-Ha-ras proto-oncogene transgenic (Hras128) rats in a dose-dependent manner, supported by the incidence of middle-sized (0.5 to 2.0 g) mammary tumors being significantly decreased in purple corn color-fed rats (Fukamachi and others 2008). The number and incidence of small-sized (<0.5 g) mammary tumors was not suppressed by purple corn color, indicating it was not able to inhibit the emergence of mammary tumors in these rats (Fukamachi and others 2008) . In vitro, purple corn color was found to inhibit cancer cell viability and induce apoptosis in mammary tumor cells derived from Hras128 rat mammary carcinomas (Fukamachi and others 2008) . At the molecular level, purple corn activated caspase-3, a key protease associated with DNA fragmentation and apoptosis, and reduced Ras protein levels in tumor cells (Fukamachi and others 2008) . A similar study also showed that C3G could inhibit the growth of HS578T, a human breast carcinoma cell line, in a dose-dependent manner (Chen and others 2005) . Anti-proliferative effect of Mexican purple corn phenolics has also been reported in human hormone-dependent mammary (MCF7) and prostate (PC3) cancer cell lines (Urias-Lugo and others 2015). Long and others (2013) showed the proliferation androgendependent prostate cancer in the cell line LNCaP was inhibited by purple corn color through limiting the expression of Cyclin D1 and inhibiting the G1 stage of the cell cycle. In this research, male TRAP transgenic rats for adenocarcinoma of the prostate gland that consumed purple corn pigments showed lower percentages of adenocarcinoma and higher percentages of low-grade prostatic intraepithelial neoplasia. These findings suggested that purple corn color could retard prostate cancer progression (Long and others 2013) .
Colon cancer. Colorectal cancer is the third most common cancer in both men and women. It is estimated in 2015 that about 93090 cases of colon cancer will be diagnosed, and 49700 colorectal cancer-related deaths will occur (American Cancer Society 2015). The benefits of consuming purple corn on colon cancer development have been studied by researchers internationally ( (Hagiwara and others 2001) . Fewer incidences of macroscopic colon nodules and lower average number of aberrant crypt foci were observed in rats fed with purple corn color and receiving PhIP, suggesting purple corn color exerted protective effects against PhIP-induced promotion of colon tumor development (Hagiwara and others 2001) . The anti-carcinogenic effects of purple corn color were not accompanied by any evidence of adverse effects (Hagiwara and others 2001) . Subsequent in vitro cell studies also supported the findings of the in vivo study.
Jing and others (2008) measured the inhibition colon cancer cell growth using the human colorectal adenocarcinoma (HT29) cell line with different anthocyanin rich-extracts from purple corn, chokeberry, bilberry, purple carrot, grape, radish, and elderberry. All anthocyanins from this study suppressed the proliferation of HT29 cells. The GI 50 for Peruvian purple corn anthocyanins was around 14 μg of C3G equiv/mL which was a much lower concentration than pigments from other sources, suggesting purple corn pigments were potent anticolon cancer agents (Jing and others 2008) . A similar study also showed Chinese purple corn had antiproliferative capacity against HT29 cells in a dose-dependent manner (Zhao and others 2009). C3G from Prunus cerasus, also found in purple corn, showed a dose-dependent growth-inhibition effect to HCT-116 colon tumor cells (Reddy and others 2005) . The antiproliferative effect of purple corn has also been recently reported on another colon cancer cell, Caco2. The cell viability of the Caco2 cells was less than 30% compared to the nontreated cells with just 5 mg/mL purple corn phenolics (Urias-Lugo and others 2015). It is important to note that anthocyanin-rich materials have been found to potently inhibit the proliferation of HT29 colon cancer cell lines, but did not present inhibition to the growth of nontumorigenic colonic NCM460 cells (Zhao and others 2004) .
The in vivo anticarcinogenic effects of purple corn after industrial processing to create tortillas have been investigated in a more recent study (Reynoso-Camacho and others 2015). Four different colored Mexican corn tortilla powders were fed in 27% w/w to male Sprague-Dawley rats treated with 1,2-dimethylhydrazine (DMH) to induce colon carcinogenesis; results clearly demonstrated the protective effect of corn tortilla consumption on the incidence of adenocarcinomas (Reynoso-Camacho and others 2015). White and purple corn tortilla-fed rats developed 77.5% fewer tumors, whereas yellow and red corn tortilla-fed groups developed 55% fewer adenocarcinomas than the DMH control group (Reynoso-Camacho and others 2015). Reduction of colon carcinogenesis by purple corn was thought to be a result of the inhibition of cecal β-glucuronidase activity by induction of detoxifying enzymes (GST and NQO1) in the liver and colon and also the modulation of key proliferative proteins (K-ras and β-catenin) (Reynoso-Camacho and others 2015).
Liver carcinogenesis. An estimated 35660 new cases of liver cancer and 23000 associated deaths are expected to occur in the U.S. during 2015 (American Cancer Society 2015). Many cases in recent decades have been attributed to chronic diseases like diabetes or obesity, for which anthocyanins and polyphenolic compounds have shown promise in amelioration (American Cancer Society 2015). Yokohira and others (2008) investigated the chemopreventative effect of purple corn color on diethylnitrosamineinitiated hepatocarcinogenesis in F344 male rats.
Purple corn color might have modifying effects on mRNA markers concerning liver carcinogenesis development, as suggested by the increasing gene expression ratio for cyp 2c, 2e1, 3a1, and 3a2, phospholipase C, and delta 4 in rat serum (Yokohira and others 2008) . The antiproliferative impact of Mexican purple corn phenolics on liver cancer was recently studied with the cell line HepG2 (Urias-Lugo and others 2015). Their results showed a reduction of cell viability that had a strong correlation with the concentration of C3G and its malonic acid acylated derivative (Urias-Lugo and others 2015).
Lung cancer. Lung cancer accounts for more deaths than any other cancer in both genders, accounting for about 27% of all cancer deaths (American Cancer Society 2015). Cyanidin-3-glucoside (C3G), the predominant anthocyanin in purple corn, has been shown to be capable of inhibiting the development of lung tumor cells in mice. This pigment inhibited proliferation of a human lung carcinoma cell line A549 in vitro, reduced the size of tumor xenograft growth, and inhibited metastasis in vivo (Ding and others 2006) . In a mechanistic study it was indicated that C3G could inhibit migration and invasion of A549 tumor cells (Ding and others 2006) . Similarly, it was demonstrated that C3G inhibited the migration and invasion of Lewis lung carcinoma cells both in vitro and in vivo in C57BL/6 male mice (Chen and others 2005) . Moreover, C3G isolated from Prunus cerasus also showed a dose-dependent growth inhibition effect on NCl-H460 lung tumor cells (Reddy and others 2005) .
Antiangiogenesis
Angiogenesis is the process of forming new blood vessels from the existing vascular network and plays a critical factor in tumor growth and metastasis (Huang and others 2006) . The antiangiogenesis effect of anthocyanin-rich purple corn extract under hyperglycemic conditions has been investigated in human endothelial cells ex vivo and in db/db mice in vivo (Kang and others 2013) . Ex vivo, purple corn extract decreased endothelial expression of vascular endothelial growth factor (VEGF), one of the most potent angiogenesis-activating agents (Wang and Stoner 2008; Kang and others 2013) . The extract also attenuated both hypoxia inducible factor (HIF)-1a, endothelial marker of platelet endothelial cell adhesion molecule-1, and integrin b3 induced by the hyperglycemic growth conditions (Kang and others 2013) . Similar findings were encountered in vivo with mice models treated with 10 mg/kg PCE for 8 wk. Glomerular angiogenesis in the kidney was alleviated due to attenuation of the induction of VEGF and HIF-1a, and mesangial and endothelial induction of angiopoietin proteins was diminished under hyperglycemic conditions (Kang and others 2013) . Thus, the authors concluded purple corn extract could be served as a potent therapeutic agent for abnormal angiogenesis (Kang and others 2013) . 
Amelioration of lifestyle diseases: obesity, diabetes, hyperglycemia, and associated diseases
Obesity can be defined as the accumulation of excess adipose tissue resulting from various metabolic disorders; it is also a strong risk factor for type 2 diabetes, hyperglycemia, hypertension, hyperlipidemia, and various cardiovascular diseases (Lew and Garfinkel 1979; Tsuda and others 2003; Kahn and others 2006) . Purple corn has been shown in several studies to have beneficial effects on ameliorating these lifestyle diseases.
A series of experiments have been conducted focusing on the effects of purple corn anthocyanins on the prevention of metabolic syndrome (Tsuda 2008) . Purple corn color was shown to prevent obesity in male C57BL/6 mice that were fed a high-fat diet of 300 g lard/kg (Tsuda and others 2003) . The mice in the high-fat diet group had significantly higher body weight than those in the control group, the group fed purple corn color alone, and the combined high fat and purple corn color-fed group after 5 wk (Tsuda and others 2003) . The adipocytes of the high-fat group were much larger and looser than those of the other groups, but no hypertrophy of adipocytes were found to occur in high-fat and purple corn color-fed mice (Tsuda and others 2003) . Interestingly, this study was designed so the energy intake of the mice was standardized between treatment groups, and thus the suppression of weight gain was not due to reduction of dietary fat digestion or energy intake (Tsuda and others 2003; Tsuda 2008) . The study examined several parameters such as lipid, glucose, insulin concentrations, and lipogenic enzymes, and it was concluded that purple corn color down-regulated mRNA levels of enzymes included in lipid synthesis and reduced SREBP-1 mRNA levels in white adipose tissue (Tsuda and others 2003) .
To better understand the mechanism of how purple corn color functions to prevent obesity, the Tsuda and others (2004 Tsuda and others ( , 2005 Tsuda and others ( , 2006 tested the impact of the major anthocyanin and related anthocyanidin of purple corn, cyanidin-3-glucoside (C3G), and cyanidin (Cy) on adipocyte functionality. Research has shown C3G and Cy could increase the secretion of adipocytokines, a group of bioactive molecules involved in lipid regulation. They have also been found to enhance adipocyte-specific gene expression (such as lipoprotein lipase, adipocyte fatty acid binding protein 2, uncoupling protein 2, and peroxisome proliferator-activated receptor γ ) at least 2-fold in isolated adipocytes from rats fed 2 g/kg anthocyanin diets (Tsuda and others 2004) . Then they further examined the detailed gene expression changes due to C3G and Cy treatment using microassay analysis (Tsuda and others 2005) . Isolated rat adipocytes treated with 100 μM C3G or Cy for 24 h showed up-regulation of 633 or 427 genes, respectively, related to lipid metabolism and signal transduction (Tsuda and others 2005) . With the same treatments on human adipocyte cells, there was significant up-regulation of adiponectin expression, down-regulation of plasminogen activator inhibitor-1 and interleukin-6, and induction of some of lipid metabolism-related genes in both the C3G and Cy treatment groups (Tsuda and others 2006) . These results suggest purple corn anthocyanins have unique therapeutic advantages responsible for the regulation of the adipocyte function and possibly in preventing lifestyle disease such as obesity and diabetes.
Lifestyle diseases are often accompanied by other complications and diseases, such as diabetes and neuropathy. A Korean group has worked on the inhibition of diabetes-associated glomerular angiogenesis by purple corn anthocyanins in cell lines and in animal models others 2012, 2013; Li and others 2012a,b) . Purple corn anthocyanins were shown to dampen high-glucoseinduced mesanginal fibrosis inflammation in vitro, and these pigments could play a renoprotective role in diabetic nephropathy (Li and others 2012a) . This group also demonstrated that purple corn anthocyanins could inhibit diabetes-associated glomerular monocyte activation and macrophage infiltration as well as retard diabetes-associated glomerulosclerosis through disturbing the mesanginal IL-8-Tyk-STAT signal pathway in db/db mice (Kang and others 2012; Li and others 2012b) . Moreover, their research showed anthocyanin-rich purple corn extract inhibited diabetesassociated glomerular angiogenesis by attenuating the induction of VEGF and HIF-1α (Kang and others 2013) . These studies suggested purple corn anthocyanins may be a potent therapeutic agent for diabetes and hypertension related kidney failure others 2012, 2013; Li and others 2012a,b) .
Additional research has provided experimental support that purple corn anthocyanins may help ameliorate diabetes, hyperglycemia, and hypertension through inhibition of the enzymes that play critical roles in carbohydrate and lipid metabolisms (Kim and others 2013; Ranilla and others 2009) . In an in vitro study, purple corn was shown to have potent α-glucosidase inhibitory capabilities in a dose-dependent manner due to its richness in protocatechuic acid. This finding suggested its potential antihypertension and antidiabetic activities (Ranilla and others 2009) . Hirsutrin, another phenolic compound found in purple corn, showed potent inhibition of aldose reductase activity (Kim and others 2013) . It also inhibited galactitol formation in rat lens and erythrocytes when under high-galactose osmotic stress (Kim and others 2013) . These findings implicated that hirsutrin may be useful against complications associated with diabetes.
Other phenolic compounds in purple corn, like anthocyanins, were found to exhibit antidiabetic health properties. They enhanced insulin secretion in hamster pancreatic beta cells (HIT-T15) and also protected the cells from death in culture (Hong and others 2013) . In vivo, similar activities were found in db/db mice accompanied by lowered blood glucose levels (Hong and others 2013) . In this study, purple corn anthocyanins did not demonstrate negative effects to the insulin-secreting pancreatic cells, unlike the commonly used diabetes drug sulfonylurea, which has been reported to accelerate the gradual deterioration of beta cell functionality and induce cell death (Del Guerra and others 2005; Maedler and others 2005; Hong and others 2013) .
A more recent study has demonstrated purple corn extracts to have preventive effects on diabetic cataract formation on enucleated rat lenses incubated in 55 mM glucose (Thiraphatthanavong and others 2014) . Results showed purple corn extract could help decrease lens opacity by lowering oxidative stress or suppressing aldose reductase, the rate-limiting enzyme in the polyol pathway (Thiraphatthanavong and others 2014 ).
An extract of purple rice which is similar to purple corn extracts, being abundant in C3G, was reported to suppress blood glucose increases in healthy male Wistar rats and in humans (Shimoda and others 2015). In the human study, 5 males and 3 females were fed a 200 g rice ball containing placebo after 11 h of fasting. Blood samples were collected at 0, 30, 60, 90, and 120 min, and their blood glucose levels were measured (Shimoda and others 2015) . One week later, the same subjects were fed a 200-g rice ball, now containing 25 mg of purple rice extract (Shimoda and others 2015) . A significant suppression of blood glucose levels at 30 and 90 min was observed when fed the purple rice extract, compared to the placebo treatment (Shimoda and others 2015) . The authors also studied the mechanism of carbohydrate absorption suppression by purple rice extract in vitro using 3 carbohydrate digestive enzymes. The results of this evaluation confirmed that the suppression of carbohydrate absorption was achieved by inhibitory effects on α-glucosidase, α-amylase, and aldose reductase activities (Shimoda and others 2015) . It could be postulated that purple corn extract, having a similar phenolic profile as purple rice, may also suppress the acute increase in blood glucose after meals.
Blood pressure regulation
Blood pressure is a symptom of many chronic diseases and also plays an important role in overall health. The effects of purple corn on blood pressure regulation have been studied in both animal models and humans. In a study in which spontaneously hypertensive rats were intragastrically administrated purple corn color at a dose of 7.4 mg anthocyanin/kg body weight twice daily for 5 wk, a significant inhibition of an increase in systolic blood pressure was observed after just 8 d (Toyoshi and Kohda 2004) . Similarly, another study feeding spontaneously hypertensive rats with purple corn color rich in anthocyanins for 15 wk and found that the systolic blood pressures of the purple corn color-fed rats were significantly lower than those of the control groups (Shindo and others, 2007) . The findings of these studies suggest that purple corn pigments had anti-hypertensive effects on hypertensive animals.
The benefits of purple corn extract on blood pressure of mildto-moderate hypertensive Peruvians was investigated on a small scale (n = 30) (Finkel and others 2013) . This study showed that in a short period of time (3 wk) purple corn extract had a beneficial effect on reducing systolic and diastolic blood pressure (from139/88 to 132/81 mm Hg) in early-stage hypertension patients, regardless of age, gender, body mass index, or initial average blood pressure reading (Finkel and others 2013) . Although the mechanism of blood pressure regulation by purple corn is still not clear, the observed effects of purple corn suggest a great potential for the application of this plant as food supplements and medications.
Heart health
Phenolic compounds, including anthocyanins, have been reported to also have beneficial effects on cardiovascular health (He and Giusti 2010; Wallace 2011) . Results of 1 study led to the suggestion that these beneficial properties of phenolic compounds might be due to their capability to inhibit hexanal formation in human low-density lipoproteins and also by inhibition of hydroperoxide formation in lecithin liposomes (Heinonen and others 1998) . In the previously mentioned study in which spontaneously hypertensive rats were fed purple corn color for 15 wk, it was shown that the heart rate of the rats (averaging 365 beats/min) was also significantly lower than that of the control rats (385 beats/min in average) (Shindo and others 2007) . In another study, broiler chickens fed a diet enriched with purple corn exhibited significantly lower heart weights and abdominal fats compared to chickens fed conventional yellow corn diets; an inverse relationship was found to occur between heart weight and percentage of purple corn in diet, such that heart weight continued to decrease as dietary purple corn increased (Amnueysit and others 2010) . These findings further suggest purple corn cultivars may have added heart health benefits compared to yellow corn varieties.
Toxicity Evaluations
In addition to evaluation of all the potential health-benefit properties, the toxicity of purple corn must also be evaluated for any routine or medicinal use. Purple corn pigment-rich extracts have been evaluated toxicologically by different research studies, including 2 major ones conducted in China and Japan. The Chinese research team conducted an evaluation of acute oral toxicity on Wistar rats by gavage feeding purple corn pigment solutions at levels up to 21.5 g/kg bw (Zhou and others 2007) . Solutions of purple corn pigments were prepared by first spray-drying extracts obtained by soaking plant materials in 60% to 70% acidic ethanol at 50 to 60°C and then dissolving the powder in distilled water (Zhou and others 2007) . No rats showed any observable symptoms of toxicity or death during the study; therefore, the authors concluded that the oral LD50 for purple corn pigment-rich extract in rats was greater than 21.5 g/kg bw (Zhou and others 2007) . In addition, the purple corn extracts presented no significant difference (P > 0.05) to the negative control groups in the results of mice marrow micronucleus tests and sperm aberration tests (Zhou and others 2007) . According to Chinese toxicity grading standards, the purple corn pigments tested were considered to do no harm and likely have great potential to be developed as a food additive or "healthy" food material (Zhou and others 2007) .
A 90-d subchronic oral toxicity study of purple corn color, containing 26.4% anthocyanins, 57.7% other polyphenols, and 10% citric acid, was conducted in Japan using F344 rats (Nabae and others 2008) . The no-observed-adverse-effectlevel (NOAEL) was determined to be 5.0% dietary purple corn color for both sexes (male: 3542 mg/kg bw/d, female: 3849 mg/kg bw/d) under the conditions of this experiment (Nabae and others 2008) .
Recommended Dosage Levels
In addition to the rather high consumption levels for potential toxicity, the health benefitting potential of purple corn is furthered by the low dosages needed to obtain some health benefits from purple corn extracts. In a variety of studies, mostly at the level of milligrams of purple corn anthocyanins/kg body weight, the dosages of purple corn applied in health-benefit studies involving humans and animals, are shown in Table 1 . To summarize, most health-benefit studies conducted with mice used dosages of purple corn anthocyanins around 10 mg/kg bw others 2012, 2013; Li and others 2012a; Hong and others 2013) . Studies conducted with rats used dosages of purple corn color ranging from 0.2% to 1.0% of the total diet or 7.4 mg/(kg bw) anthocyanin equivalent (Tsuda and others 2003; Yokohira and others 2008; Long and others 2013 . In a human study involving slightly hypertensive patients, a daily capsule of 300 mg purple corn extract was prescribed (Finkel and others 2013) . Each capsule contained 6% total anthocyanins (18 mg), 15% other phenolic compounds (45 mg), and 76.6% carbohydrates with negligible amounts of fats and proteins. No adverse reactions were reported (Finkel and others 2013) .
To date, there is no recommended dosage of purple corn anthocyanin consumption for human health benefits. Despite the accumulating evidence that strongly suggests that these compounds may be beneficial to human health, additional studies must still be conducted to further add to these findings. Anthocyanin consumption in the U.S. has been estimated to be about 12.5 mg/d/person and previously had been reported to be as high as 200 mg/d/person (Wu and others 2006) . The dosage of 0.01% purple corn color in daily diet as used in the experiments by Yokohira and others (2008) , which approximately corresponds to current estimated average human daily intake of anthocyanins, did not show significant beneficial effects. The level of purple corn color required to achieve beneficial impact was 1% in a rat diet, which (Finkel and others 2013) Obesity prevention Obesity Cy and C3G standard, purity>99%
Wistar rats, 7-wk-old, male 2 g C3G /kg diet, rats had free access to the diet (Tsuda and others 2004) Obesity prevention Obesity C3G purified from purple corn, purity>95%
Wistar rats, 8-wk-old, male 0.2% C3G in daily diet (Tsuda and others 2003) corresponded to 500 mg/kg body weight/d in humans or 168.5 mg anthocyanin/kg bodyweight/d in humans based on the FAO/WHO Joint Expert Committee on Food Additives (Yokohira and others 2008). Considering these values and those from clinical trials on blood pressure control using purple corn anthocyanin consumption rates of 18 mg/d/person, it could be reasonable to speculate that the typical average levels of purple corn anthocyanin daily consumption would do no harm and have additional potential for beneficial health effects (Finkel and others 2013) . More research is still required to make consumption dosage recommendations.
Conclusion and Perspective
The functional properties of purple corn have been increasingly studied and have become more popular in recent decades. Although the use of purple corn has been traced back to hundreds of years ago in South America, it is now gaining popularity in the worldwide market due to its deep color and potential healthpromoting properties. Currently, more than 20 bioactive phenolic compounds, including phenolic acids, anthocyanins, and other flavonoids, have been reported to be found in purple corn (Zea may L.). These phenolic compounds, as presented in this review, have been shown in numerous in vivo and in vitro studies to have potent health-benefitting capabilities. Some include antioxidant, anti-inflammatory, anti-mutagenic, anti-carcinogenic, anti-cancer, anti-angiogenesis properties, which can help to ameliorate lifestyle diseases such as obesity, diabetes, hyperglycemia, hypertension, and cardiovascular diseases. These beneficial properties are in large proportions attributed to the strong antioxidant capabilities of purple corn phenolic compounds, as well as their anti-inflammatory properties.
Importantly, these health-benefitting properties still remain at satisfactorily high levels even after undergoing food industry processing. Research has shown that the no-observed-adverse-effectlevel (NOAEL) of purple corn color was at least 5.0% of the diet in rats (ß3.5 g/kg bw/d) (Nabae and others 2008) ; and for hypertension patients, daily consumption of only 300 mg purple corn extracts (ß18 mg anthocyanins) for 3 wk allowed for beneficial blood pressure reduction (Finkel and others 2013) . Most current studies on health benefits of purple corn were conducted with anthocyanins or phenolic compound mixtures. Studies of individual anthocyanin or other isolated phenolic compounds are still in high demand, especially to better understand the potential contribution of the individual components. The most effective functional phenolic compound in purple corn has not yet been identified, and it is still unknown whether the health-benefitting effects are the result of a synergistic relationship of combined components. As only a relatively small dosage of purple corn functional compounds may achieve beneficial effects, this rich source of health-promoting compounds warrants additional study to clarify its mechanisms of action and to better understand its potential contributions to human health.
